The accurate description of doubly-excited states using conventional electronic structure methods is remarkably challenging, primarily because such excited states require the inclusion of doubly or higher excited configurations or the application of multi-reference methods. We present a new approach to target electronically excited states that feature a double-electron transfer. Our method uses the equation of mo- polyenes. In contrast to conventional EOM-CC methods with at most double excitations, EOM-pCCD-LCCSD predicts the right order of states in polyenes with excitation energies closest to experiment, outperforming even highly-accurate methods such as the density matrix renormalization group algorithm.
Introduction
The efficient and reliable description of electronically excited states of atoms and molecules is gaining in importance in many areas of chemistry, physics, biology, and materials science. This trend promotes the development of new quantum chemistry methods dedicated to specifically model electronically excited states properties in large molecules and complex systems. [1] [2] [3] [4] [5] [6] [7] Such methods are, however, usually designed to accurately treat electronic excitations with a dominant transfer of one single electron. Excitation energies featuring a double-electron transfer are more problematic as their description requires the inclusion of higher order excitations or even a multi-reference treatment. 8 Both methodologies typically suffer from an unfavorable computational scaling, which limits their application to small model systems. To advance a reliable, but inexpensive description of doubly-excited states in large molecules, we have developed a new approach based on the computationally tractable pair coupled cluster doubles (pCCD) model. 
where a : p and a p (a : p and ap) are the electron creation and annihilation operators for α (β)
electrons and |Φ 0 y is some reference determinant. By construction, pCCD can only describe correlations restricted to electron pairs. The missing correlation effects that can be attributed to broken-pair states have to be included a posteriori. This can be achieved, for instance, using perturbation theory 11, 12 or CC corrections. 13, 14 In the latter approach, the electronic wave function is written using an exponential ansatz with some cluster operatorT " ř ν t ν τ ν (τ is an excitation operator) and the pCCD wave function as reference state, |Ψy " exppT q|pCCDy.
(2)
T may contain single excitationsT 1 , (non-pair) double excitationsT 1 2 , and higher excitations. 13 Note that the 1 indicates the exclusion of pair excitations, that is,T 2 "T 1 2`T p . To facilitate the distinction between electron-pair (p) excitations and non-pair (np) excitations, we will label the excitation operators accordingly. The CC correction can be further simplified by considering a linearized CC (LCC) ansatz.
14 The cluster amplitudes t ν are then determined by solving a linear set of coupled equations
where the Baker-Campbell-Hausdorff expansion e´T
. . has been truncated after the second term,Ĥ N "Ĥ´xΦ 0 |Ĥ|Φ 0 y is the quantum chemical Hamiltonian in its normal product form, and |Φ ν y "τ ν |Φ 0 y. Using eq. (1), eq. (3) can be brought into the familiar form of single-reference CC theory,
Thus, the hybrid pCCD-LCCSD (linearized coupled cluster singles and doubles) approach represents a simplification of CCSD and frozen-pair (fp)CCSD, 13 where all non-pair ampli- 
Extending pCCD-LCCSD to model excited states
We will target excited states using the equation-of-motion (EOM) formalism, where excited states are modelled using a linear CI-type ansatz,
The above sum runs over all excitations present in the cluster operator as well as the identity operatorτ 0 . TheR operator, then, generates the excited state by acting on the CC reference state,
Since we will focus on excitation energies, we have to solve for theR amplitudes only. Introducing the similarity transformed Hamiltonian in normal-product formĤ N " exp p´T qĤ N exp pT q and subtracting the equation for the CC ground state, we obtain the EOM-CC equations,
where ω " pE´E 0 q are the excitation energies with respect to the CC ground state, exppT q|Φ 0 y. As the pCCD-LCCSD cluster operator contains all single and double excitations, theR operator becomesR "R 0`R1`R2 . Furthermore, the similarity transformed Hamiltonian of pCCD-LCCSD has a special form.
14 Specifically, for all non-pair excitations, we have the linearized approximationĤ
while the electron-pair amplitudes are optimized in pCCD withĤ has partial biexcited character. Hence, we will focus our discussion on these particular states.
To facilitate our analysis, Table 1 Table S1 and S2 of the Supporting Information.
error (MAE " max r CH p|∆E r CH |q), the mean error (ME " ř r CH ∆E r CH {N ), and the root mean error (RME " 20 The error measures are calculated for the total electronic energy E el of each state and the corresponding excitation energies ω el . NPE: non-parallelity error; MAE: maximum absolute error; ME: mean error; RME: root mean error.
EOM-pCCD-LCCSD(HF)
EOM-pCCD-LCCSD(opt) EOM-CCSD 21 State NPE MAE ME RME NPE MAE ME RME NPE MAE ME RME The influence of relaxation effects of the molecular structure on the excitation energies are summarized in Table 3 . Note that the vertical and adiabatic excitation energies are calculated for the DMRG-optimized molecular geometries and hence do not equal the corresponding adiabatic excitation energies of each EOM-CC method. We should note that two different active spaces have been used in DMRG calculations. Since the EOM-CC excitation energies are similar for both DMRG structures, only one set of excitation energies is presented in the Table (see also Table S3 of the Supporting Information). As observed for the DFT- In contrast to the first bright state, the accurate description of the first dark state is more challenging. While EOM-pCCD+S, EOM-LCCSD, and EOM-CCSD yield the wrong order of states, DMRG and EOM-pCCD-LCCSD correctly predict the dark state to be the lowest-lying excited state. Compared to experimental results, EOM-CCSD overestimates excitation energies by 2.8 eV (vertical) and 2.1 eV (adiabatic), respectively, while DMRG yields differences between 2-2.4 eV (vertical) and 0.3-1.0 eV (adiabatic), respectively. Most importantly, the EOM-pCCD-LCCSD excitation energies deviate less from experimental data (1.7-1.9 eV for vertical, 0.06-0.5 eV for adiabatic excitations). The large differences for C 14 H 16 might originate from the fact that the corresponding ground and excited state molecular structures have not been optimized for the pCCD-LCCSD wave function or that pCCD-LCCSD is insufficient to describe the electron correlation effects in ground and excited and to eliminate the orbital bias toward the ground state, the EOM-pCCD-LCCSD model can be combined with an orbital optimization protocol for excited states. This is currently being investigated in our laboratory.
Computational Methodology
The molecular structures of all investigate all-trans polyenes containing 2 to 7 π-bonds were taken from ref. 
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Diagrammatic representation of EOM-pCCD-LCCSD, EOM-pCCD-LCCSD total electronic energies and excitation energies for the lowest-lying excited states of CH + , and vertical and adiabatic excitation energies for C 10 H 12 to C 14 H 16 using all DMRG-optimized structures.
